Valuing sedimentary 'blue carbon' stocks of seagrass meadows requires exclusion of 13 allochthonous recalcitrant forms of carbon, such as black carbon (BC). Regression models 14 constructed across a Southeast Asian tropical estuary predicted that carbon stocks within the 15 sandy meadows of coastal embayments would support a modest but not insignificant amount 16 of BC. We tested the prediction across three coastal meadows of the same region: one patchy 17 meadow located close to a major urban centre and two continuous meadows contained in 18 separate open embayments of a rural marine park; all differed in fetch and species. The BC/total 19 organic carbon (TOC) fractions in the urban and rural meadows with small canopies were more 20 than double the predicted amounts, 28 ± 1.6% and 36 ± 1.5% (±95% confidence intervals), 21 respectively. The fraction in the rural large-canopy meadow remained comparable to the other 22 two meadows, 26 ± 4.9% (±95% confidence intervals) but was half the amount predicted, likely 23 due to confounding of the model. The relatively high BC/TOC fractions were explained by 24 variability across sites of BC atmospheric supply, an increase in loss of seagrass litter close to 25 the exposed edges of meadows, and sediment resuspension across the dispersed patchy 26 meadow. 27
Introduction 28
The effect of anthropogenic emissions of CO2 on the climate highlights the importance 29 of quantifying and managing existing sedimentary organic carbon stocks. Lately, focus has 30 turned to 'blue carbon' reservoirsseagrass, saltmarsh, mangrove and macro-algae ecosystems 31 (1, 2) . Together, these store half the ocean's total organic carbon (TOC), despite occupying 32 less than 2% of the area (3). This disproportionate contribution results from their high rates of 33 primary production and ability to enhance and stabilise accumulation of deposited litter and 34 detritus and prevent it from remineralising, ostensibly back to CO2 (4, 5). Of the four, seagrass 35 ecosystems are best placed to augment organic carbon stocks. Seagrass canopy can trap soils 36 eroded from adjacent landscapes, which can account for as much as 50% of total sedimentary 37 organic stocks (6) that would otherwise be remineralised across the continental shelf (7) . 38
Recently, the traditional mass balance approach to calculating blue carbon storage has 39 been challenged (8). It is argued that recalcitrant organic carbon produced outside an ecosystem 40 does not require protection from remineralisation. Consequently, such deposits cannot be 41 counted as a service in the mitigation of greenhouse gas emissions. Black carbon (BC) is an 42 example of an 'allochthonous recalcitrant'; it is formed during the incomplete combustion of 43 biomass and fossil fuels, for which Southeast Asia is a global hotspot (9) . However, the BC 44 content of coastal seagrass sediments is unknown and thus too is the extent of bias in stock 45 estimates. Nonetheless, predictions of ~18 ± 3% (±95% confidence interval) have been made 46 using a Southeast Asian (Sabah, Malaysia) estuarine TOC-BC regression model (8). The model's parameters (i.e. large BC intercept ) indicate that high BC/TOC fractions are likely in 48 relatively low organic content sandy sediments of coastal meadows in regions where 49 atmospheric BC is pervasive over that of soil erosion (i.e. a small regression slope). The slope is determined by the accumulated BC within the soil profile and is tempered by the edaphic 51 organic content of the soil itself (8). Taken together, such regressions give first-order predictive 52 estimates of meadow BC/TOC. 53
The accuracy of estuarine model's BC/TOC coastal predictions around this region, 54 while moderate, may be confounded by failure to take into account the relatively efficient 55 retention of seagrass litter within estuaries. In more exposed coastal systems, most of the litter 56 across a meadow or close to its exposed boundary can be lost to shelf waters (10-12). It is also 57 possible that increased turbulence closer to the exposed edges or across more patchy seagrass 58 seascapes may lead to localised sediment resuspension. This may further exacerbate the 59 remineralisation of more labile organic fractions, thereby amplifying the importance of BC to 60 the TOC stock. 61
This study examines the above estuarine predictions and likely controlling factors (i.e. 62 litter loss and sediment resuspension) across coastal meadows in Southeast Asia (Sabah, 63 Malaysia). We measured the variance in TOC, BC, canopy and sedimentary variables along 64 transects across and between three subtidal (0.5-1 m) seagrass meadows, two relatively pristine The meadow canopies exhibited clear height differences, attributable to species 87 characteristics and relative wind fetch (supplemental Figure S1 ), in the order of LL >> BB < 88 OD ( Table 1) . Differences in canopy coverage between meadows LL and BB in the relatively 89 pristine marine park and OD in the relatively polluted Sepanggar Bay were as expected (LL ≈ 90 BB >> OD, Table 1 ). Furthermore, significant differences in both height and coverage between 91 transect pairs was only apparent for OD, reflecting its sparse, patchy configuration. 92
The most striking difference in sediment characteristics was between LL, where the 93 longer Enhalus canopy species supported higher silt-clay fractions and a significantly smaller 94 mean particle size, and BB and OD, which were sandier (Table 1 ). However, these 95 dissimilarities do not reflect inter-meadow variability between transect pairs, which showed 96 significant differences only for OD (Table 2) . 97
Differences in both TOC and BC content between meadows (LL << OD > BB) were 98 inverted compared to expectations regarding percentage of slit-clay content (i.e. LL >> OD < 99 showed, on average, lower values for both TOC and BC, a difference which became greater 104 and increasingly significant across LL (Figure 2a , Table 2) . 105 106 Black carbon to TOC variability 107 Overall, BC represented a significantly larger fraction of TOC in all three meadows 108 than in the upper silty-mud and lower silty-sand sediments of the Salut-Mengkabong estuary 109 ( Figure 1 ). For the urban and rural small-canopy meadows (OD and BB), BC was 28±1.6% 110 and 36±1.5% (±95% confidence intervals) of TOC, respectively ( Table 1 ). The BC/TOC values 111 of the large-canopy meadow (LL) were comparable, 26±4.9% (±95% CI; Table 1 ), despite 112 large variability. This variability appears to originate with two high TOC and BC outliers 113 ( Figure 2b ) located at the start of each transect (see supplemental Table S1 ). Furthermore, the 114 larger BC/TOC fractions between the estuary and coastal regions were also reflected in their 115 adjacent bare sediments. 116
In all cases, the variability was part of a linear response. For BB and LL, the relationship 117 between TOC and BC was identical in terms of both their proportional response and the 118 locations of the intercept close to the origin (Figure 2b The mechanism by which BC/TOC fractions have seemingly been elevated within 137 coastal embayments can best be distinguished via comparisons of intra-meadow transects in 138 relation to sedimentary parameters, supported by patterns consistent with the relative canopy 139 sizes. As expected, the more exposed outer transects for both LL and BB supported lower 140 sedimentary TOC. Considering that the transect pairs have nearly identical sedimentary 141 parameters, falling rates of resuspension and subsequent oxidation closer to the meadows' 142 exposed edges is not a likely explanation. Neither do the contributions of BC from adjacent 143 bare sediments explain the data patterns. The net deposition of these sediments is likely to be 144 greater across the inner transects, as turbulence is increasingly attenuated (17). This should 145 reduce rather than increase the TOC of the inner transects. Thus, a model that describes 146 increases in BC with TOC, converging towards a positive TOC intercept close to its origin is 147 more consistent with additional organic carbon not associated with BC such as soil washout. of this study. The alternative explanation is reduction in the loss of deposited litter away from 150 the exposed edge due to greater attenuation of currents by the canopy. This contention is further 151 supported, though a weak inference, by a larger difference and increasing significance in the 152 TOC variance for the larger canopy species of LL. 153
In contrast, the intra-transect comparison in the patchy OD meadow shows little 154 evidence of attenuation in TOC or BC across the meadow. Nevertheless, there is evidence of 155 resuspension, as implied by the increased particle size and decreased silt-clay fraction away 156 from the exposed edge. Additionally, particle size increased within patches over adjacent 157 unvegetated areas. This pattern suggests that a sparse, patchy configuration allows sufficient 158 space for the seagrass leaves to add to turbulence and resuspension (17). For the urban patchy 159 OD meadow, BC's relatively invariant response with TOC, and its high content is consistent 160 with; 1) atmospheric deposition at the meadow scale or greater (8); and 2) the suggested greater 161 levels of turbulence and resuspension that can result in a greater loss of litter and oxidation of 162 the more labile fractions. Although, the loss of the labile fraction may have been tempered by 163 a high edaphic TOC contents, the result of a more eutrophic polluted environ. Taken together, 164 the atmospheric addition of relatively pure BC to the urban meadow over BC supplied and 165 diluted by soil organics to the rural meadows is a likely reason for the consistently greater 166 BC/TOC fractions. A difference that was likely compounded by the patchy state of the urban 167 system over that of the more contiguous rural meadows. The study demonstrated that allochthonous recalcitrant BC may represent a major 171 fraction of the sediment TOC content of coastal seagrass meadows, and its underestimation 172 may lead to significant overestimates of the carbon sink services of such meadows. Within 173 rural contiguous meadows, the size of seagrass canopy species appears to explain a higher than predicted BC contribution to sedimentary TOC. In contrast, in the urban meadow under land development pressure, BC content is largely independent of canopy parameters and TOC 176 variability, and this meadow supports the highest and most consistent BC/TOC fractions. 177
Clearly, more work is needed within Southeast Asian BC hotspots, both rural and urban, to 178 understand the full extent of BC stock bias. We thus recommend moving away from simple 179 mass balance estimation approaches towards one that includes stability and origin via 180 TOC and BC means were found for LL (P < 0.001, P < 0.001) and BB (P < 0.07, P < 0.001). 202 A power analysis (80%) indicated that determining TOC between BB transects would require 203 another two or three samples to resolve differences in the mean from a possible Type 1 error. 204 (b) Ordinary least squares regressions for BC with TOC across the three meadows. The 205 probability of the regression intercepts and slopes between BB and LL are significantly similar 206 (ANCOVA P > 0.38) and not significantly similar to OD (ANCOVA P < 0.0001). 
